ABSTRACT. The potential for future dynamical instability of Pine Island Glacier, West Antarctica, has been addressed in a number of studies, but information on its past remains limited. In this study we use airborne radio-echo sounding (RES) data acquired over Pine Island Glacier to investigate past variations in accumulation pattern. In the dataset a distinctive pattern of layers was identified in the central part of the glacier basin. We use these layers as chronological identifiers in order to construct elevation maps of the internal stratigraphy. The observed internal layer stratigraphy is then compared to calculated stratigraphy from a three-dimensional ice-flow model that has been forced with different accumulation scenarios. The model results indicate that the accumulation pattern is likely to have changed at least twice since the deposition of the deepest identified layer. Additional RES data linked to the Byrd ice core provide an approximate timescale. This timescale suggests that the layers were deposited at the beginning of or during the Holocene period. Thus the widespread changes occurring in the coastal extent of the West Antarctic ice sheet at the end of the last glacial period could have been accompanied by changes in accumulation pattern.
INTRODUCTION
The long-standing hypothesis (e.g. Mercer, 1978; Hughes, 1981) that the West Antarctic ice sheet (WAIS) is potentially unstable and could be a major contributor to eustatic sealevel rise (e.g. Bamber and others, 2009; Joughin and Alley, 2011) has gained momentum over the past two decades, with satellite observations consistently highlighting major changes occurring across the ice sheet. Glacier catchments flowing to the Amundsen Sea have undergone some of the most significant changes (e.g. Rignot, 1998 ; Shepherd and others, 2002 ; Rignot and others, 2008; Pritchard and others, 2009 ; King and others, 2012) , suggesting this region is especially sensitive to environmental forcing. Changes in velocity throughout Pine Island Glacier (PIG), and episodic inland retreat and thinning of its grounding line, are well documented from satellite observations (Rignot, 1998; Shepherd and others, 2002 ; Thomas and others, 2004 ; Wingham and others, 2009; Park and others, 2013) and from ground-based GPS measurements (Scott and others, 2009 ).
These observations have, in recent years, motivated several numerical modelling studies aimed at identifying systematic sensitivities in PIG's behaviour (e.g. Gladstone and others, 2012 ; Larour and others, 2012) , and targeted surveys of its basal topography and conditions ( Vaughan and others, 2006 ; others, 2012, 2013) , all with a view to predicting the possible response of PIG to climate forcing and its contribution to sea level over a future timescale of up to 200 years (cf. Joughin and others, 2010) . To support these initiatives we need studies that can shed light on the past behaviour of PIG prior to modern observations, thereby placing the behaviour over the last three decades in a longerterm perspective and providing improved understanding of the overall stability of this region of Antarctica. This paper therefore uses the internal layering captured by radio-echo sounding (RES) over PIG to investigate long-term (i.e. millennial-scale) changes in accumulation in the catchment.
Internal layering in ice sheets -the RES expression of dielectric contrasts in ice induced by changes in density, impurity, acidity or crystal-fabric orientations (e.g. Miller, 1981; Fujita and others, 1999; Eisen and others, 2007) -is increasingly being used in glaciology to elucidate ice-flow and mass-balance histories (e.g. Siegert, 1999 ; Rippin and others, 2003; Ng and Conway, 2004 ; Bingham and others, 2007 ; Waddington and others, 2007; Neumann and others, 2008 ; Hindmarsh and others, 2009; MacGregor and others, 2009 ; Leysinger Vieli and others, 2011) . Underpinning all these studies is the acceptance that internal layers are isochrones whose stratigraphy records variations in accumulation, ice flow and, in some cases, basal melting (e.g. Buchardt and Dahl-Jensen, 2007) . Previous work on PIG using radio-echo sounded internal layering has focused on its use to reconstruct ice-flow dynamics, and has shown that the spatial configuration of ice flow across the catchment has changed little since the deposition of the layers ( others, 2009, 2012) . To date, however, the internal layering recovered across the region by RES has generally not been utilized in ice-sheet modelling for purposes of retrieving accumulation information. Instead present-day accumulation has been derived from inversion techniques (e.g. Arthern and others, 2006) , or inferred from point measurements made in nearby regions (e.g. Frezzotti and others, 2013) , sometimes coupled with climate models (e.g. Van de Berg and others, 2006) .
In this study we have mapped two internal layers in the central part of the PIG basin. In other words, we have information on the depths of two isochrones. We compare the depths of these observed isochrones with modelled isochrones generated by a three-dimensional (3-D) ice-flow model, and use this to retrieve information on past accumulation patterns. The agreement between the modelled isochrones and the observations is evaluated for each model scenario. We note our approach only provides information on which of the predefined accumulation patterns gives the best fit to the observed data, rather than constituting a more formalized inverse approach which would independently find the best parameters. The latter approach, while it would be optimal, is highly challenging to implement; our approach here nevertheless gives us firstorder insights into the past history of accumulation patterns for the central PIG basin.
RADIO-ECHO SOUNDING DATA
The RES data used here were acquired in the 2004/05 austral season during an integrated aerogeophysical campaign that was designed primarily to map the subglacial topography of PIG (see Vaughan and others, 2006) and interpret its geological setting (Jordan and others, 2010; Smith and others, 2013) . The survey operated out of a temporary airstrip, the 'PNE' field camp (77834 0 S, 95856 0 W), situated in central PIG between its slower-flowing southern basin and the fast-flowing northern basin that contains the ice stream's main trunk and major tributaries (Fig. 1) . The airborne platform was equipped with the ice-sounding RES system PASIN (Polarimetric Airborne Survey INstrument), a dual-frequency carrier-wave GPS for navigation, a radar altimeter, wing-tip magnetometers and a gravity meter. During data acquisition the position of the aircraft was known with an accuracy better than AE1 m. The PASIN instrument collected data with a transmit power of 4 kW around a central frequency of 150 MHz, with a 4 ms, 10 MHz chirp (e.g. frequency sweep 145-155 MHz). To obtain ice thickness information, the velocity of the radar waves within the ice was taken to be 168.374 m ms À1 with no firn correction ( Holt and others, 2006) . The firn correction typically alters depths by $10 m, which is small in the present context where ice thicknesses are of the order of 10 3 m. While the principal aim of the overall RES survey was to sound the bed and map subglacial topography across PIG, the 'chirp' acquisition also recovered numerous internal layers through the full depth of the ice. More information on the overall survey campaign is provided by Vaughan and others (2006) , while Corr and others (2007) and Ross and others (2012) provide supplementary technical information relating to the use of the same integrated aerogeophysical suite deployed elsewhere in Antarctica.
The acquisition of gravity data dictated that the majority of flights were operated at a constant elevation, with most flights across PIG forming a regular 30 km grid. However, five flights dedicated solely to optimized RES data collection were flown at a constant 150 m terrain clearance along and across the tributaries and main trunk of PIG (Fig. 1) . Both configurations acquired information on internal layering and, while the RES data acquired during the gravity measurements are less clear, a distinctive layer package could still be identified with confidence in a large number of flight lines. Our previous analysis of the continuity of the layers in the PIG basin has shown that many are obscured by fast flow in the main trunk of PIG ( Karlsson and others, 2012) . This strong flow-directionality, combined with optimization of RES acquisition towards sounding the bed, precludes crosscorrelating individual reflectors between many of the flight lines. However, in the central PIG basin surrounding the PNE field camp, we identified a set of internal layers with a unique signature making it easily identifiable, hereafter termed a 'layer package'. Following previous work (e.g. Hindmarsh and others, 2009) we treat the package as a chronological identifier (in effect, isochrones). Figure 2 shows an example of the RES data used here. In the image a diffused layer is visible at approximately the middle of the full-depth range. Above the diffused layer there is a strongly reflecting layer and below it another two strongly reflecting layers are visible. This characteristic pattern comprises our layer package. In the following, the uppermost strongly reflecting layer is referred to as layer 1 and the uppermost of the two lower strongly reflecting layers is referred to as layer 2. Layers 1 and 2 were traced using a semi-automated tracing routine that followed the local maxima in received reflected power. We have selected these two layers because they were the most consistently visible in the RES data. The overall layer package was detected across central PIG basin along the flight lines shown in magenta in Figure 1 . Owing to the configuration of the survey, there were few crossovers of the flight lines in this region. At the crossover points the mean difference in elevation between identified layers was 3.3 m for layer 1 and 3.0 m for layer 2, giving us confidence that the layer package has been identified correctly.
THREE-DIMENSIONAL ICE-FLOW MODEL
The overall objective of our ice-flow modelling is to estimate the spatial accumulation pattern required to reproduce the two traced layers in the layer package. We concern ourselves only with finding the accumulation pattern that produces the best relative fit, rather than the absolute accumulation rate since that requires information on the ages of the layers.
The model used here, BASISM (the British Antarctic Survey Ice Sheet Model), is a quasi-steady-state model based on the shallow-ice approximation (e.g. Hutter, 1983) . The geometry is fixed, and the spatial pattern of the accumulation rate is fixed from run to run. However, when predicting undated layer geometry, the spatial pattern of accumulation rate can be varied by a constant multiplier without altering the computed geometry ( Parrenin and others, 2006) . The surface and bed topography are on a 2 km grid generated predominantly from the gridded PASIN data described below, and also using other pre-existing thickness-survey data as now incorporated into BEDMAP2 (Fretwell and others, 2013) .
The model domain is the entire PIG drainage basin (outlined in black in Fig. 1 ) and we assume that the drainage boundaries do not change in time. Throughout the model runs, the ice thickness is assumed to be constant. This limits the confidence in estimated accumulation rates. Even so, it seems likely that a change in ice thickness in the central part of the basin would be a widespread change (e.g. associated with the end of a glacial period) rather than a local change. The constant ice thickness is therefore less problematic in terms of obtaining relative accumulation patterns, since a change to the whole area would mean a simultaneous thinning of the layers, changing their depth rather than their relative stratigraphy.
Rather than compute the coupling between temperature and vertical variation in the velocity field, we consider end members of plug flow, which corresponds to having deformation at the base (e.g. due to the presence of warm ice), and flow by internal deformation, both with a uniform temperature field. Plug flow represents the vertical variation of velocity where sliding predominates, and thus represents a flow type where ice is streaming. Neither end member includes the full stresses that would be present in ice streams; however, the observed layers are found in the central part of the PIG basin and not the fast-flowing parts of the glacier. The two types of flow should therefore be able to capture the ice-flow dynamics accurately.
The ice-flow model also includes a layer-fitting algorithm. The fitting is achieved by a least-square formulation that is described in more detail by Hindmarsh and others (2009) . In this study we quantify the quality of the fit by considering the mean value of the distance d (the absolute value of the elevation difference, d ) between observed (z obs ) and modelled (z mod ) layer depths:
where n is the number of points (i.e. the number of layer picks). We also include the standard deviation of the distance between observations and model results for comparison.
In the following, we outline the basic equations for the ice-flow model but refer readers seeking further details to the more complete description in Leysinger Vieli and others (2007) and Hindmarsh and others (2009) . The model solves the mass-balance equation
where H is the ice thickness, a is accumulation, m is melt rate and the horizontal flux Q is defined as Qðr, tÞ ¼ uHðr, tÞ, where u is the vertically averaged horizontal velocity, r is the coordinate vector and t is time. The age X of the ice is then solved as an advective equation in three dimensions:
where u is the horizontal velocity and r H is the horizontal gradient. In the following, it is convenient to change coordinate system and work in normalized coordinates in the vertical direction:
where z is the elevation and bðrÞ the bed topography. With the coordinate change, the surface elevation is set to 1 and the bed to 0. The horizontal velocity u can be related to the vertically averaged horizontal velocity from the expression u ¼ uvð, rÞ using a velocity shape function v:
The equations above describe two situations: uniform plug flow (S) and isothermal internal deformation (ID) with flow exponent n ¼ 3, i.e. using Glen's law (Glen, 1955; Paterson, 1994) . Plug flow simply means that the horizontal velocity does not change with depth while in the case of internal deformation the horizontal velocity decreases with depth following Glen's law. In order to compute the age-field and generate isochrones, the accumulation pattern needs to be prescribed. Since the model does not include a formal inverse technique, we run the model with the following accumulation patterns in order to find the best match between observed layers and the model results: (i) a uniform accumulation pattern of 1 m a À1 ; (ii) the modern accumulation pattern from Arthern and others (2006) (ranging from 0.1 to 0.6 m a À1 ; Fig. 3) ; (iii) an accumulation pattern wherein accumulation rate decreases linearly with surface elevation from 0.1 m a À1 at the highest elevation point to 1 m a À1 ; and (iv) an accumulation pattern containing a local high of accumulation (increase of 50%) centred around the region close to PNE where the observed layer package dips downwards. We chose the different scenarios based on the following considerations: scenario (i) was used to estimate how good a fit could be obtained with a very simple scenario; scenarios (ii) and (iii) are considered to be the most realistic scenarios which could be expected to give better fits than scenario (i); and scenario (iv) was used to check whether the model could produce a better fit with an accumulation pattern forced to mimic the depth of layer 1.
We also varied the pattern and rate of basal melt using the assumption that the occurrence of basal melting is controlled by thick ice acting as an insulating layer. In reality, other factors (e.g. variations in geothermal heat flux) also influence the basal melt pattern, but we have no means of estimating the local geothermal heat flux in the PIG basin and therefore restrict ourselves to considering ice thickness variations only. Using a uniform accumulation pattern (scenario (i)) we ran the model three times with an increased basal melt rate of 50% of the accumulation rate in areas Fig. 3 . The modern accumulation pattern from Arthern and others (2006) in the central part of the PIG basin.
where the ice thickness was larger than 2500, 2750 and 3000 m respectively.
RESULTS
The overall result of the layer tracing is presented in Figure 4 . Layer 1 has a depth range of 843-2359 m, and layer 2 has a range of 1124-2451 m. As exemplified in Figure 5 , the layer depths follow the bed topography to a large extent. In this context it is worth noting two features of the traced layer package. Firstly, moving from south to north across the mapped region, towards a high in the subglacial topography identified by Vaughan and others (2006) , the layer package generally decreases in (absolute) depth below the surface of the ice (Fig. 5 ) in a way that does not completely mimic the bed topography. Secondly, both layers 1 and 2 experience a Fig. 5 . Elevation (a) and normalized elevation (b) of the surface, bed, layers 1 and 2, and the modelled layers from scenario (i) along a transect crossing the field camp PNE and the bed high (location is shown as a white line in Fig. 4, left) . notable downward dip within the relative narrowing or 'neck' of the PIG catchment where the northern and southern catchment basins connect (i.e. close to the PNE field camp; Fig. 5 ). The standard deviation and range of the depth of layer 2 are slightly higher than for layer 1, which is consistent with the fact that layer 2 has been subjected to more cumulative deformation since it is deeper and thus older than layer 1 ( Cuffey and Paterson, 2010) .
We now discuss the use of 3-D ice-flow modelling to reproduce the spatial variation in depth of the layer package and thereby to infer accumulation patterns across the region since the deposition of the layer package (Table 1) The best fit for layer 1 (d ¼ 66 m, ¼ 0:024) was obtained by introducing a localized accumulation maximum, i.e. scenario (iv). Surprisingly the fit did not improve when changing from scenario (i) (uniform accumulation pattern) to a modern-day accumulation pattern or a linear accumulation pattern (scenarios (ii) and (iii)). We increased the number of vertical gridpoints to 21 and 31 in order to test the robustness of these results to the vertical resolution and found that the conclusions did not change if the vertical resolution was increased.
By contrast, for layer 2 both scenarios (ii) and (iii) had a better fit than scenario (i), with scenario (iii) (the linear accumulation pattern) being slightly better than scenario (ii) (the modern-day accumulation pattern). The worst fit was obtained in scenario (iv), where the accumulation pattern was matched to the depth of layer 1. We increased the vertical resolution and found that the best fit was still obtained with a linear accumulation pattern and the worst fit was still scenario (iv).
Finally, our results showed no improvement in the fit for the three different basal melt scenarios (Table 2 ). We interpret this as an indication that the variation of basal melt in PIG is not primarily driven by ice thickness. We return to this point in the discussion below.
No scenarios were found that simultaneously decreased the misfit for both layers 1 and 2. We do, however, note the following: it was not possible to improve the fit of layer 1 using a modern or linear accumulation pattern compared to a simple uniform accumulation pattern.
USING THE BYRD ICE-CORE CHRONOLOGY TO ESTIMATE LAYER AGES AND ACCUMULATION RATES
Age-depth profiles for internal layers, and thus records of ice accumulation, can be constructed using direct calibration with deep ice cores (e.g. Parrenin and others, 2004; Buchardt and Dahl-Jensen, 2007; Huybrechts and others, 2009 ). However, the absence of any deep ice-core record from (or even close to) PIG leaves us to seek an alternative method for estimating the age of the layer package. For this purpose we refer to a ground-based RES transect collected across central PIG in 2001 completed as part of the International Trans-Antarctic Scientific Expedition (ITASE; Welch and Jacobel, 2003; Jacobel and Welch, 2005 ; NSIDC data record No. 0264) and accessible from the US National Snow and Ice Data Center (NSIDC). This ITASE transect connects central PIG to the Byrd Station deep ice-core site in central West Antarctica (80.028 S, 119.528 W) . Around Byrd Station, a prominent strongly reflecting layer identified in the ITASE RES profiles (Jacobel and Welch, 2005) corresponds to an acidity anomaly first identified by Hammer and others (1997) and which was dated using the ice-core chronology by Blunier and Brook (2001) to an age of 17.5 ka. In the ITASE dataset this 17.5 ka layer was traced all the way to the PIG basin (Fig. 1b) . Unfortunately it was not possible to recover the 17.5 ka layer directly from the PASIN data. Part of the explanation for this is the different frequency range of the PASIN radar relative to the ITASE radar (150 MHz vs 3 MHz centre frequency respectively). The strong acidity signal measured in the Byrd ice core represents a multiple pulsed acidity variation that stretches over 170 years (Hammer and others, 1997) , implying that with the 150 MHz frequency this may well show up in PASIN profiles as several reflecting layers, cumulatively creating a weaker signal, rather than the single clear reflector so prominent in the ITASE traverse (personal communication from R. Jacobel, 2010) . A further mitigating factor is that the reflection strength of the 17.5 ka layer decreases with distance towards PIG from Byrd Station (Jacobel and Welch, 2005) , hence the anomaly may be too weak altogether to be picked up in the PASIN data considering the depth of the layer.
To work around this issue, we use the known depth of the ITASE-imaged 17.5 ka layer in the PIG basin (the 17.5 ka Table 2 . Results for different basal melt scenarios for fitting the layer package. The accumulation pattern was uniform (scenario (i)); the flow mode was plug flow, with a vertical resolution of 11 gridpoints. The misfit is assessed based on mean distance between observations and model, d (m; cf. Eqn (1)), and standard deviation of the distance between observations and model, (m) layer depth is available as part of the NSIDC dataset) to obtain an estimate of mean accumulation since the time of deposition of the layer. This is done via a simple relation between depth and accumulation rate based on the Dansgaard-Johnsen model (Dansgaard and Johnsen, 1969) :
where a is the average accumulation value from the time the layer was deposited until the present time, H is ice thickness (assumed equal to present-day values), h is the basal shear layer (where vertical strain is assumed to decrease linearly), z is elevation above the bed and t is time (i.e. the age of the layer). The Dansgaard-Johnsen model was developed for steady-state flow close to an ice divide, and depends among other things on a good approximation to h. We calculate the average accumulation rate in the part of the PIG basin where the 17.5 ka layer was present using values of h ranging from 100 to 1200 m (previous studies have used a value of h = 400 m for West Antarctica ( Siegert and Payne, 2004) ). This gives an accumulation rate ranging from 0.18 to 0.37 m a À1 . For comparison, the 3-D model returns the correct age of the 17.5 ka layer when the accumulation rate is set at 0.25 m a À1 , while Arthern and others (2006) suggest a modern-day accumulation rate of 0.36-0.37 m a À1 using inversion techniques and observations.
Since layers 1 and 2 lie at a shallower depth than the ITASE-imaged 17.5 ka layer they must be younger than 17.5 ka. From the three locations where the USITASE radar line intersects with PASIN profiles containing layer 2 (green arrows in Fig. 1 ) the mean vertical distance between layer 2 and the 17.5 ka layer was 500 m. In comparison the ice thicknesses in this area are 3000-3500 m (cf. Fig. 1a ). Given that layer age increases exponentially towards the bed (e.g. Greve and others, 2002) it follows that, in fact, layer 2 is likely to be substantially younger than the 17.5 ka layer. To obtain an estimate of the age of the layer package we now apply the same simple relationship between layer depths and accumulation rates. We use the same range of h-values but the accumulation rates obtained from the 17.5 ka layer are now used to calculate the age t, in the locations where layers 1 and 2 cross over the 17.5 ka layer. This provides an age range for layer 1 of 5.3-6.2 ka and for layer 2 of 8.6-13.4 ka.
An interesting link between the two strongly reflecting lower layers (where layer 2 is the upper of the two) emerges when comparing the age of layer 2 with acidity measurements of the Byrd ice core by Hammer and others (1997) . In the interval between 9.7 ka and the start of the acidity high that characterizes the 17.5 ka layer (no measurements were made of the ages between 2.4 and 9.7 ka), two peaks stand out with acidities twice as high as in the other measurements. The two peaks correspond to ages of 10.2 and 11.4 ka, i.e. within the estimated age range of layer 2. This study cannot confirm these as identical since that would require the spatial extent and reflectivity of the layers to be investigated, and the layers traced from the Byrd ice core to PIG, which is beyond the scope of this study. Future investigations of the PIG basin, especially if these also include areas in proximity to the Byrd ice core, might be able to identify and trace the layer package all the way to the Byrd ice core. This would pave the way for constructing a dated stratigraphy for the PIG basin, which could produce further insights into the past dynamics and accumulation of the area.
DISCUSSION
The results from the 3-D ice-flow model give some indications about past accumulation patterns. Firstly, the fact that the optimum parameters in our ice-sheet model for fitting layers 1 and 2 are not identical suggests a time dependence in the parameters. We suggest that this is most likely due to changes in accumulation pattern between the depositions of the two layers. Our results also indicate that the mean accumulation pattern of PIG has changed since the deposition of layer 1 since the modern-day accumulation pattern did not improve the fit compared to a uniform accumulation pattern. Based on these findings, we suggest that the accumulation pattern in the central PIG basin has changed at least twice between the time of deposition of layer 2 and the present day.
Our model results turned out to be insensitive even to a large increase in basal melt. This does not preclude the existence of basal melting in the region. Instead we suggest that if basal melting is present it is more likely to be controlled by the geothermal heat flux, in agreement with results from aerogravity measurements in the basin showing crustal thinning and thus the potential for elevated geothermal heat flux (Jordan and others, 2010) . Even so, the geothermal heat flux is likely correlated with the basal topography, so it is surprising that our model results appear to be insensitive to changes in basal melting.
In order to obtain an approximate age range of the layers, we used the Dansgaard-Johnsen model (Eqn (7)) and the depth of a dated 17.5 ka layer. We estimated an average accumulation rate between 0.18 and 0.37 m a À1 for this layer. For comparison, using the same layer the 3-D model estimated an accumulation rate of 0.25 m a À1 . Other studies ( Siegert and Payne, 2004) have investigated the fit of modelled accumulation with internal layering stratigraphy across the WAIS, and concluded that accumulation today is likely approximately double that which occurred between 6 and 16 ka ago. Thus other parts of the WAIS have experienced changes in accumulation rate over similar timescales. Most likely the accumulation rate has not been steady over the PIG region during the past 17.5 ka, but tentatively our data indicate on average a similar or lower accumulation rate compared to the present day.
No other studies of past accumulation patterns for PIG exist. Studies from other parts of West Antarctica have found that accumulation rates are likely to have changed, but returned inconclusive results with regard to a change in accumulation pattern (e.g. Siple Dome (Nereson and others, 2000) ). Neumann and others (2008) calculated accumulation rates across the WAIS ice divide and found evidence for changes in accumulation rate during the past 8 ka but concluded that the spatial pattern of accumulation is unlikely to have changed significantly. The difference between previous studies and our findings is most likely a combination of the difference in spatial extent and the fact that even the central part of the PIG basin is more coastal than the other studies. It is therefore possible that the PIG dataset captures changes that previous datasets would not necessarily reflect both in terms of spatial extent and location.
If the estimated ages for the layers are approximately correct (5.3-6.2 ka for layer 1 and 8.6-13.4 ka for layer 2), then layer 2 could have been deposited at the beginning of the Holocene while the WAIS was retreating from its Last Glacial Maximum position to an extent closer to the present day (e.g. Hillenbrand and others, 2012) and where ice-core records show a widespread warming over the entire continent (Masson and others, 2000) . It is well known that the accumulation pattern in Antarctica is controlled by distance from the coast, which is strongly correlated with surface elevation. It is therefore entirely possible that the changes in accumulation pattern accompanied -and maybe were a consequence of -the changes taking place at the margins of PIG during the transition in climate at the beginning of the Holocene, when the glacier retreated from the Amundsen Sea (e.g. Hillenbrand and others, 2012) .
CONCLUSION
RES data from PIG show clear internal layering. In this study we have mapped a layer package in the central part of the catchment basin, where two layers could be traced across multiple flight lines. The two layers had depths below the ice surface ranging from 843 to 2359 m (layer 1) and 1124 to 2451 m (layer 2). The layer depths were used to extract information on past accumulation patterns by comparing the observed depths to outputs from a 3-D ice-flow model forced with different accumulation patterns.
Results from the 3-D ice-flow modelling indicated that there has been a change in accumulation pattern between present-day conditions and the deposition of layer 1, and another change between the depositions of layers 1 and 2. While basal melting may influence the depth of the layers, there was no obvious link between basal melt patterns and ice thickness.
The exact ages of the two layers traced in the RES dataset are not known, but using data from the 2001 USITASE survey that crossed into the basin, an indirect age constraint was obtained. The known age of a 17.5 ka layer from the Byrd ice core was used in a simple Dansgaard-Johnsen model, to obtain an average accumulation rate for the central part of the basin of 0.18-0.37 m a À1 and age ranges of 5.3-6.2 ka for layer 1 and 8.6-13.4 ka for layer 2. We interpret this as an indication of similar or lower accumulation rates since the deposition of the 17.5 ka layer, and at least two changes in accumulation pattern in the central PIG basin during the past 10 3 -10 4 years. This indicates that the widespread retreat of PIG in the Amundsen Sea (e.g. Hillenbrand and others, 2012) at the end of the Last Glacial Maximum and the beginning of the Holocene was accompanied by changes in accumulation pattern and potentially accumulation rate.
Future RES work in this region of West Antarctica should consider targeting the layer package and link it to the Byrd ice core. In this way a better-dated stratigraphy for the PIG basin could be constructed. At the moment, however, the nature of the RES dataset at hand precludes the identification of layers between flight lines, making them of limited use to modelling efforts. This is why the identification and tracing of the layer package adds substantial value to the RES data.
